A time-dependent extended mild-slope equation is derived from the elliptic equation of Chamberlain and Porter (1995) using the Taylor series technique. Numerical tests are made on a horizontally one-dimensional case for regular waves over sloping beds and for both regular and irregular waves over a ripple patch. Numerical results prove that the proposed model gives accurate results for both regular and irregular waves over rapidly varying topography.
Introduction
Waves generated in deep water propagate to shallow water undergoing various forms of transformations, like shoaling, refraction, diffraction, and reflection, etc. Since the de velopment of a mildslope equation by Berkhoff (1972) , many mathematical models have been developed to analyze the combined refraction and diffraction of waves. In order to model the propagat ion of random waves, time-dependent mildslope equations have also been developed. Smith and Sprinks (1975) developed a hyper bolic mildslope equation using Green's formula. Radder and Dingemans (1985) proposed a canoni cal form of the time-dependent mildslope equations based on the Hamiltonian theory of surface waves. Kubo et al. (1992) Copeland (1985) developed similar hyperbolic equ ations using the characteristics of linear waves and the defined volume flux. The two mo dels of Nishimura et al. and Copeland predict the transformation of regular waves.
In the derivation of the mild-slope equations, an assumption of 1 /   kh h (where  = horizontal gradient operator, k = wave number, and h = water depth) was made so that the terms of the second-order bottom effect related to the bottom curvature and the square of the slope were neglected. To account for the effect of a steeply sloping and rapidly varying bottom topography, Massel (1993) , and Chamberlain and Porter (1995) derived the extended mild-slope equation using the Galerkin-eigenfunction method. Chandrasekera and Cheung (1997) provided an alternative derivation of the extended equation based on the approach of Berkhoff. Suh et al. (1997) used the Green's second identity and Lagrangian formula to develop two ultimately equivalent hyperbolic equations for random waves. Kubo et al. in the case of a rapidly varying topography, the two m odels were initially applied to the problem of wave reflection from a planar slope with d ifferent inclinations (Booij, 1983) . Subsequently, the equation was applied to the proble m of the resonant Bragg reflection of monochromatic waves from a ripple patch (Davies and Heathershaw, 1984) . Finally, to investigate the applicability of the proposed equati on to random waves, numerical tests were performed on the transmission of unidirection al random waves normally incident to a finite ripple patch.
Development of governing equation
The extended mild-slope equation of Chamberlain and Porter (1995) is given by    3  2  cosh  2  2  cosh  2  sinh  2  2  6   4  sinh  2  sinh  9  2  sinh  2  4  2  2  sinh  2  12   sech   2   3  4 
and  is the water surface elevation, C and g C are the phase speed and group velocity, respectively, of a wave with an angular frequency  , and g is the gravitational accelera tion. The wave number k is determined from the linear dispersion relation for Stokes w aves.
For random waves, the surface elevation is defined as the superposition of component
where the over bar indicates the variables associated with the carrier angular frequency  and the coefficients are given by 
Eq. 
Comparison of the proposed equation with Suh et al.'s equation
The proposed equation and Suh et al. 's (1997) equation are known to accurately predi ct waves on rapidly varying topography. The accuracy of the equations is due to the incl usion of the second-order bottom effect terms. In this section, the terms of higherorder bottom effect are compared between the two equations. The two equations are also known to be capable of predicting transformation of random waves with a narrow frequ ency band. So, the applicability of the two models to random waves is investigated in ter ms of the dispersion relation following the geometric optics approach of Lee and Kirby ( 8 1994) .
Using the relation of
, where  is the velocity potential at the mean wa ter level, the equation of Suh et al. can be written in terms of  as:
where the parameters (7). These higherorder bottom effects were studied in detail by .
The geometric optics approach is used to get the dispersion relations of the proposed equation and Suh et al.'s equation. Let the surface elevation  be
where
is a complex amplitude which modulates in space, and the phase function  has the following relation with the local wave number k and angular frequency  a s:
Then the variable  in Eq. (7) may be written as:
Substituting Eq. (16) into Eq. (7) and neglecting both the higherorder bottom effects and diffraction effects give, the real part gives the dispersion relati on:
On the other hand, substituting Eq. (14) into the Suh et al.'s equation (13) and again neg lecting those effects, the real part gives the dispersion relation:
These dispersion relations can be compared with the exact one for a linear wave:
These dispersion relations are dependent on the relative wave depth ( h k ) correspondi ng to the carrier frequency. Fig. 1 shows the dispersion relations in a shallow water (
). In the case of shallow water, the dispersion relation of the proposed model is close to the exact one at higher frequencies but diverg es at lower frequencies. However, the agreement between the dispersion relation of Suh 
Numerical experiments
To examine the accuracy of the proposed model, we conducted numerical experimen ts with both the proposed model and Kubo et al.'s (1992) model for monochromatic wa ves propagating over a planar slope using different inclinations of Booij (1983) . The refl ection coefficients calculated by the models were compared against those calculated by t he finite element method (Suh et al., 1997) . The two models were also applied to the cas e of a wave propagating over the ripple patch of Davies and Heathershaw (1984) . The ca lculated reflection coefficients were compared against the experimental data. Finally, th e two models and the model of Suh et al. (1997) were tested for random waves propagat ing over the ripple patch. The solutions were compared against the finite element model solution, which can be regarded as an exact solution for linear random waves.
Finite difference method
Internal generation of waves has been used widely in generating waves in timedependent wave equations. Using the viewpoint of mass transport Larsen and Dancy (1983) employed a line source to generate waves in the staggered-grid solution of the Boussinesq equations. , and Lee et al. (2001) found that the internal generation of waves would be more accurate using the viewpoint of energy transport.
However, the line source method may cause a problem for un-staggered grid systems. Sponge layers were placed at the outside boundaries to remove wave reflection from t he boundaries by dissipating wave energy inside the sponge layers. The proposed model 13 equation (7) is therefore modified as: where T i s the carrier wave period and p is a parameter corresponding to the rate of slow wave g eneration. Since the sponge layer reduces the incoming wave energy effectively, the refl ective condition at the boundaries can be used.
Wave reflection of monochromatic waves from a planar slope
We conducted numerical experiments with both the proposed model and Kubo et al.'s model for monochromatic waves propagating over a planar slope, each end of which was connected to a constant-depth region, as tested by Booij (1983) 
Transmission of random waves over a ripple patch
Linear dispersion properties of the type of the proposed model were verified by Kubo et al. (1992) , who simulated the propagation of wave groups using their equation. Suh et al. (1997) made numerical tests for the transmission of unidirectional random waves ov er the ripple patch of Davies and Heathershaw (1984) . In this study, we also conducted t he same numerical tests.
ded at a distance 1.5 max L down-wave from the end of the ripple patch. 
Conclusions
A timedependent wave model has been developed for waves propagating over rapidly varying t opography based on the extended mildslope equation of Chamberlain and Porter (1995) . Without the higher-20 order bottom effect terms, the resulting equation reduces to the time-dependent mildslope equation developed by Kubo et al. (1992) . 
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